Introduction
Water and energy are indispensable inputs to modern economies. Currently in China, however, these are both under threat. China's per capita quantity of fresh water is only one-quarter of the global average. The fact those resources are spatially distributed unevenly across the country exacerbates the shortage problem, especially in arid and densely populated parts of northern China. Ominously, at the same time, China faces an energy crisis relating to the dominance of coal in the energy consumption structure and high external energy dependence in general.
From 2000 to 2014, when national water use declined at an annual rate of 0.8 per cent, energy consumption rose at an annual rate of 8.1 per cent. Generally, however, these two variables move in the same direction and show a roughly linear relationship (Figure 15 .1).
Changes in water use and energy consumption are sensitive to some common driving factors. Rapid economic growth and population increase will increase demand for water and energy, while technological improvement can curb the increase. Simultaneously, structural adjustment of production will effect water use and energy consumption. In turn, changes in water use and energy consumption will interact with one another. Sustainable development requires concurrent management of water and energy resources. Effective control of both requires understanding of the contributions of the common driving factors that produce changes in water use and energy consumption. Studies have explored the effects of these driving factors on energy consumption or on water use. To our knowledge, however, few studies have reviewed and explained changes in water use and energy consumption together, towards the goal of identifying the correlations between these two indicators. This study therefore conducts an investigation into these driving factors, with the main focus being a quantitative comparison of how they contribute to water use and energy consumption simultaneously, and an exploration of the interactions to facilitate integrated water and energy management.
Specifically, we investigate changes in freshwater use and energy consumption across 36 industrial sectors in China. The time frame for the analysis is 2007-12, and this is further divided into two periods: 2002-07 and 2007-12 . The latter period serves to distinguish the influence of the Global Financial Crisis (GFC) of 2008. Decomposition methods are used to analyse the drivers of economic growth, population growth, structural adjustment and resource efficiency. Moreover, a deeper analysis of the contribution of individual industrial sectors to these drivers is quantitatively evaluated. The results of that decomposition analysis demonstrate the importance of understanding the interrelated factors that drive change in freshwater use and energy consumption. Future policy in this area should heed the need for integrated water and energy management.
It is noted that withdrawal and consumption are two aspects of water usage, and this study focuses on the former. According to the United States Geological Survey, 'withdrawal' is defined as the amount of water removed from the ground or diverted from a surface water source for use, while 'consumption' refers to the part of water withdrawn that is lost to evaporation or transpiration, incorporated into products or crops or otherwise removed from the immediate water environment (Kenny et al. 2009 ). The remainder of this chapter is organised as follows: section two provides a literature review on related decomposition analyses; section three introduces the methodology and data sources for the analysis; section four presents the decomposition results of industrial water withdrawal and energy consumption, including the contributions of individual industrial sectors to the driving factors; while section five concludes with the main findings of this study and offers policy recommendations.
Literature review
The focus of a recent proliferation of studies has been on the sources of change in energy consumption (Ma 2014) , energy intensity (Zeng et al. 2014) , carbon dioxide emissions (Zhang and Da 2015; Jiang et al. 2015) , carbon dioxide intensity (Liu et al. 2015) and emissions of air pollutants (Guan et al. 2014; Liu and Wang 2013; He 2010 ). The samples for such studies are global (for example, Lan et al. 2016; Peters and Hertwich 2008) , national (for example, Cansino et al. 2016; Feng et al. 2015) and regional (for example, Kang et al. 2014; Lu et al. 2015) . Zeng et al. (2014) quantitatively investigated the changing contribution of five driving factors to China's energy intensity fluctuation during . Feng et al. (2015 evaluated the driving factors affecting the decline of carbon dioxide emissions from fossil fuels during 2007-13 in the United States. They found that economic recession was the dominant driver of the decline, rather than the shift from coal to natural gas. Ma (2014) explored the driving factors of a country's changing energy consumption at the multi-fuel, multi-sector and multi-region level. Additional studies have paid attention to the decomposition analysis of interregional embodied carbon flows. Jiang et al. (2015) , for example, focused on the virtual carbon flows among eight regions in China and found that trade balance and energy intensity are determining factors.
As China is the largest manufacturer in the world and its industry is energy intensive, large volumes of studies have used decomposition analysis to study the related industrial energy consumption and carbon dioxide emissions. Zha et al. (2009) used a sample comprising 36 industry subsectors in China to investigate what specific factors drive energy intensity in the country. They also provided the contribution degree of subsectors to the structure and intensity effects during 1993 . Hasanbeigi et al. (2013 provided retrospective and prospective decomposition analyses of energy use in the Chinese manufacturing sector. Zhao et al. (2014) compare the energy consumption and energy intensity of Japanese and Chinese manufacturing industries at the sectoral level. Wu and Huo (2014) analyse the effectiveness of energy conservation policies in China through the study of energy efficiency impacts in the industrial and transport sectors. Liu et al. (2007) have analysed the change in China's industrial carbon dioxide emissions over the period 1998-2005 using the logarithmic mean Divisia index (LMDI) method. Ouyang and Lin (2015) provided a similar study in the period 1991-2010. Yan and Fang (2015) focus on energy-related carbon dioxide emissions from Chinese manufacturing for the period 1993-2011 and explore the mitigation potential based on scenario analyses. Liu et al. (2015) analyse the change in carbon intensity in China's industrial sector over the period 1996-2012 using the Divisia index decomposition method, and also identified the contribution of individual subsectors. Apart from industrial energy consumption and carbon dioxide emissions, there are also some studies analysing China's industrial air pollutant emissions. For example, Fujii et al. (2013) analyse the changes in emissions of air pollutants in 10 Chinese industrial sectors from 1998 to 2009, and illustrate the impact of the elimination policy on air pollution management.
Compared with studies of energy use and related environmental impacts, those investigating factors contributing to change in water use are comparatively few. Duarte et al. (2014) decomposed global water use over the entire twentieth century to project future water use trends. Zhang et al. (2012) focused on Beijing's water challenges and conducted a decomposition analysis for both the internal and the external water footprints over the period [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] . The results shed light on strategies to combat the challenge.
Few studies simultaneously explore two or more indicators. One exception is Kopidou et al.'s (2016) study, which explored common trends in and drivers of carbon dioxide emissions and employment. To our understanding, this literature review implies that our study is an original one, as it compares the effects of driving factors on both industrial energy consumption and water withdrawal. As in the case of the studies mentioned, the decomposition results of this study are intended to review past performance to facilitate a future integrated management approach to water and energy resources.
Methodology and data

Driving factors
The contributions of four driving factors-economic scale, structural adjustment, resource intensity and population growth-to water withdrawal and energy consumption are explored in this study. This follows from the logic that economic and population growth can stimulate both increased freshwater withdrawal and energy consumption. Structural shifts in production are seen as an important pathway for tackling environmental and energy issues in China (State Council of China 2011). In fact, given the scale of the dual challenge of water and energy conservation, retuning the industrial structure is unavoidable. A structural shift to energy-efficient but water-intensive sectors is expected to alleviate the energy crisis and related air pollution, but will put greater pressure on water resources. Resource intensity is another important factor driving changes in water withdrawal and energy consumption. Resource intensity is defined as the water withdrawal or energy consumption per unit of value added in each industrial sector.
Methodology
There are two main methods for undertaking decomposition analysis at the sectoral level: index decomposition analysis (IDA) and structural decomposition analysis (SDA). The similarities and differences between IDA and SDA were introduced in the literature by Hoekstra and van den Bergh (2003) and Su and Ang (2012) . The decomposition analysis adopted in this study is the LMDI method ( In Equation 15.1, W is total industrial freshwater withdrawal; W i is the freshwater withdrawal of sector i; f i is the water intensity of sector i, defined as the ratio of freshwater withdrawal in sector i (W i ) to its value added (Q i ); s i is the share of sector i in total industrial output, defined as the ratio of value added in sector i (Q i ) to the total industrial value added (Q); e is the industrial value added per capita, defined as the ratio of total industrial value added (Q) to national population (P); and P is national population.
The changes in industrial freshwater withdrawal (△W) from the base year, 0, to year t are decomposed into the changes driven by four effects: 1) the water intensity effect (△f); 2) the production structure effect (△s); 3) the economic scale effect (△e); and 4) the population effect (△P) (Equation 15 .2).
Equation 15.2
The changes caused by each driving factor can be calculated by Equation 15.3.
Equation 15.3
In this, the logarithmic mean of total industrial water withdrawal is given by Equation 15.4.
Equation 15.4
The decomposition method for industrial energy consumption is similar. Industrial energy consumption can be given by Equation 15.5. In this equation, E is total industrial energy consumption; E i is the energy consumption of sector i; f' i is the energy intensity of sector i, defined as the ratio of energy consumption in sector i (E i ) to its value added (Q i ); s i is the share of sector i in total industrial output, defined as the ratio of value added in sector i (Q i ) to total industrial value added (Q); e is industrial value added per capita, defined as the ratio of total industrial value added (Q) to national population (P); and P is national population.
Changes in industrial energy consumption (△E) from the base year, 0, to year t are decomposed into the changes driven by four factors: 1) the water intensity effect (△f); 2) the production structure effect (△s); 3) the economic scale effect (△e); and 4) the population effect (△P') (Equation 15.6).
Equation 15.6
The changes caused by each driving factor can be calculated by Equation 15.7.
Equation 15.7
The logarithmic mean of total industrial water withdrawal is given by Equation 15.8. 
Data sources
This study's focus is on 36 secondary industrial sectors in China, covering energy production and supply and manufacturing. The water production and supply sector is excluded from the discussion due to the data limitations. 
Results and discussion
Declining water withdrawal and growing energy consumption
Over the period 2002-12, industrial water withdrawal in China decreased by 27.5 per cent (MEP various years). Using the methodology outlined above, we calculate that, driven by economic growth, freshwater withdrawals (yellow bars in Figure 15 .2) in 2002-07 increased by 60.9 per cent. Population growth (purple bars in Figure 15 .2) further pushed up freshwater withdrawals, by 2.7 per cent; however, the overall level of industrial water withdrawals in the period decreased, by 6.1 per cent. This is a result of changes in water intensity (-58.6 per cent) and in production structure (-11.1 per cent). A similar situation occurred between 2007 and 2012. The decreases in water intensity and production structure offset the increases caused by economic growth and population growth and led to declining water withdrawals.
Unlike the declining trend for industrial freshwater withdrawals, industrial energy consumption in China increased significantly over the same period ( Figure  15. 3). Our calculations identify a sharp acceleration of 137.9 per cent in industrial energy consumption across 2002-12. The only factor helping to curb increasing industrial energy consumption was falling energy intensity. There were different but related trends around the GFC of 2008. In the five years before the GFC, industrial energy consumption increased by 88.5 per cent. The downward influence of energy intensity (-18.8 per cent) was overwhelmed by the upward influence of changes in economic growth (+88.3 per cent), population growth (+3.9 per cent) and production structure (+14.1 per cent). In the five years after the onset of the GFC, the more substantial effect of the decrease in energy intensity (-73.5 per cent) slowed the growth of industrial energy consumption. However, the downward influence of energy intensity still cannot offset the upward influence of economic growth (+87.9 per cent), population growth (+2.7 per cent) and production structure adjustment (+9 per cent). Comparison of the driving factors of these two indicators identifies several noteworthy findings. In the period 2002-12, economic development served as the dominant factor driving the increase in both industrial freshwater withdrawal and energy consumption. Falls in intensity were the primary driver curbing the growth of industrial freshwater withdrawals and energy consumption. Importantly, the reason for the divergent trends between water withdrawal and energy consumption is that the improvement in water efficiency exerted more influence than the improvement in energy efficiency over the past decade. The reduction effect of improvements in water efficiency exceeded the promotion effect of economic growth and so decreased overall freshwater withdrawals. This optimistic situation did not, however, emerge for energy consumption. Instead, the downward effect of declining energy intensity was insufficient to offset the increasing effect caused by economic growth-due mainly to the energy intensiveness of industry in China.
Mutually related economic growth and resource efficiency
These results illustrate that the water efficiency effect overwhelmed the economic growth effect, producing a decline in water withdrawals, while the opposite happened to industrial energy consumption. Although the prevailing patterns in changes to water withdrawal and energy consumption were divergent, there is a common theme in that the two dominant driving factors-economic scale and resource intensity-interacted mutually in terms of the degree of contribution at the subsector level. The degrees of contribution of individual industrial sectors to each driving factor are provided in Figure 15 .4.
Across the entire sample period, the increase in energy consumption caused by economic growth occurred mainly in four sectors: smelting and pressing of ferrous metals, non-metal mineral production, chemical production and the smelting and pressing of nonferrous metals. These sectors also contributed significantly to the decrease in energy intensity (26.6 per cent, 13.7 per cent, 13.7 per cent and 10.2 per cent, respectively) (Figure 15.4a) . The increase of freshwater withdrawals that was caused mainly by economic growth arose mainly from the electricity/heating supply sector. This sector is also the main contributor to the falling water intensity of production (56.1 per cent). That is, across the period 2002-12, the sectors whose production scales accelerated significantly also demonstrated the most obvious improvement in energy or water intensity. These sectoral decomposition results illustrate that those sectors experiencing economic growth made the most effort to improve resource efficiency (Figure 15.4b) . This finding is consistent with Kopidou et al.'s (2016) study, which explored the common trends and drivers of carbon dioxide emissions and employment. 
Divergence of structural shifts in water and energy use
Divergence between the driving effects of production structure on freshwater withdrawal and energy consumption was observed in the period 2002-12 ( Figures  15.2 and 15. 3) in this study. Increases in industrial freshwater withdrawals were inhibited by adjustment of production structure, while industrial energy consumption was increased.
The reason for this divergence is illustrated by further decomposition results at the sectoral scale (Table 15 .1). For structural adjustment, the share of 17 industrial sectors in total production fell, including in selective water-intensive industries, including electricity/heating supply, paper printing, textile manufacturing and beverage manufacturing. At the same time, the share of the other 19 sectors increased. The increasing proportion of selected energyintensive industries-such as smelting and pressing of ferrous metals, smelting and pressing of nonferrous metals and coalmining and dressing-is the main contributor to the expansion of industrial energy consumption and freshwater withdrawal. The fact that industrial production turned out to be more water efficient but remained energy intensive suggests China should continuously adjust its industrial structure.
Exploration of selected industrial sectors
In this study, selected industrial sectors are highlighted as the biggest contributors to the increase of both freshwater withdrawal and energy consumption. These include the smelting and pressing of ferrous metals sector and the non-metal mineral production sector. Moreover, for the electricity/heating supply and the smelting and pressing of nonferrous metals sectors, although their energy consumption increased significantly, they were the primary contributors to the decrease of industrial freshwater withdrawals. Based on the multisectoral decomposition results for industrial freshwater withdrawal and energy consumption (Table 15 .1), this section will provide detailed analysis of the contributions of highlighted subsectors. Petroleum processing and coking, gas production 
Electricity/heating supply sector
From 2002 to 2012, the electricity/heating supply sector contributed the most to the decrease in industrial freshwater withdrawals. The cumulative decrease in freshwater withdrawals by this sector over the period was 22.9 billion cubic metres. Economic growth in the sector initially increased freshwater withdrawals by 43.5 billion cu m, but water intensity improvements served to reduce the withdrawals dramatically (△f = -46.6 billion cu m). Although the economic effect made a substantial additional contribution to the increase of freshwater withdrawals in the electricity/heating supply sector, improvements in efficiency offset this upward influence and served to decrease freshwater withdrawals. It was also observed that the electricity/heating supply sector made the greatest contribution to the adverse effects of production structure on energy consumption. Although economic growth also significantly increased energy consumption (△E' = +62.5 million tonnes of standard coal equivalent, or tce), the curbing effect of improved energy intensity could not compensate for the otherwise increased consumption over 2002-12. Thus, energy consumption in the electricity/heating supply sector increased by 11.5 million tce in that period.
Smelting and pressing of ferrous metals
In total, across all industries and over the period 2002-12, the smelting and pressing of ferrous metals sector contributed the most to increases in both industrial energy consumption and industrial water withdrawal. Significant increases in both production scale and industrial proportion, alongside only a marginal fall in energy intensity, caused a 338.33 million tce increase in energy consumption in the sector. At the same time, all three of the driving factors studied herein, including water intensity, had additive effects on the increase of water withdrawals, leading to an increase in withdrawals of 3.3 billion tonnes over 2002-07. Over the second five-year interval, however, the energy and water intensities of this sector improved significantly. The energy efficiency improvement in the iron and steel sector in that period largely compensated for the additive influence of economic growth, meaning that the overall increase in energy consumption was only 95.4 million tce. These considerable efficiency improvements were also seen in relation to freshwater withdrawal in this sector. During 2002-07, increased water intensity in the iron and steel sector served to increase freshwater withdrawals, while during 2007-12, water intensity decreased dramatically and inhibited freshwater withdrawals.
Other industrial sectors
Aside from the considerable increase in energy consumption in the smelting and pressing of ferrous metals sector, large energy consumption growth also occurred in the following sectors: coalmining and dressing, smelting and pressing of nonferrous metals, chemical production and petroleum processing and coking, gas production and supply. Energy consumption in these sectors was, however, curbed somewhat by the energy intensity effect. But energy efficiency improvements were not enough to offset the additive effect of economic growth. The energy intensity effect improved in the second interval of our study, but the inhibitive effect on energy consumption was limited. Meanwhile, freshwater withdrawals in these sectors did not demonstrate obvious changes, because water efficiency improvement almost offset the effect of economic growth.
Conclusion
This study sought to understand the drivers of water and energy consumption in China towards facilitating the evolution of integrated water and energy management. Focusing on 36 secondary industrial sectors, and covering energy production and supply and manufacturing, the study explored the driving factors behind recent changes in industrial water withdrawal and energy consumption in China. A decomposition analysis using the LMDI method was adopted and applied to the period 2002-12, which was itself subdivided into two five-year periods that pivot around the potential impact of the GFC in 2008.
The main findings are as follows:
1. Declining water withdrawal and growing energy consumption in Chinese industrial sectors were observed over the period 2002-12. Decomposing these trends identified that economic development served as the dominant additive factor driving the increase of both industrial freshwater withdrawal and industrial energy consumption. Declining energy intensity of production was the primary driver helping to curb that rate of growth. The different trends in water withdrawal and energy consumption are explained by the fact that in the past decade water efficiency improvement has exerted a more obvious effect than energy efficiency improvement. The reduction effect of water efficiency improvement exceeded the promotion effect of economic growth, serving to reduce overall freshwater withdrawals. Such an optimistic situation did not emerge vis-a-vis energy consumption. 2. Although the prevailing pattern of change in water withdrawal and energy consumption diverged, the common factors of economic scale and resource intensity interacted with one another. Sectors experiencing economic growth were more active in improving resource efficiency. Over the entire period, the increase in energy consumption caused by economic growth occurred mainly in four sectors: smelting and pressing of ferrous metals; non-metal mineral production; chemical production; and smelting and pressing of nonferrous metals. These four sectors also contributed significantly to the decrease in energy intensity of production (26.6 per cent, 13.7 per cent, 13.7 per cent and 10.2 per cent, respectively). In parallel, the sectors in which there was an increase in freshwater withdrawal induced by economic growth were mainly those related to the electricity/heating supply sector, which is also the main contributor to falling water intensity of production (56.1 per cent). 3. Divergence between the driving effects of production structure on freshwater withdrawal and energy consumption was observed during the sampling period. The fact that industrial production was found to be increasingly water efficient but also highly energy intensive suggests China should continue to adjust its industrial structure. 4. Some industrial sectors are highlighted due to the significance of their contributions to changes in industrial water withdrawal and industrial energy consumption. For example, the smelting and pressing of ferrous metals sector contributed the most to the increase in both industrial energy consumption and industrial water withdrawal. The electricity/heating supply sector played a significant role in curbing the intensity of industrial water withdrawal in China.
Despite the interaction identified herein between water use and energy consumption in China, at present national policies for water and energy are determined separately. Given the importance of sustainable development and, in particular, the fragility of China's highly degraded water supplies, this chapter addresses the need to better integrate water and energy resource management in the country. Future research could further support the implementation of integrated management by exploring the trade-offs and synergies of various policies and technological alternatives.
